Introduction
In order to properly maintain numerous short and medium span bridges in Japan by conducting periodic inspections, it is necessary to develop an easy-to-use and efficient bridge monitoring system. The authors are developing a short and medium span bridge monitoring system for detecting deterioration in safety and other performance of existing bridges by use of under-rear-wheel-spring acceleration sensors installed on fixed-route buses (hereinafter referred to as the "bus monitoring system") (Miyamoto and Yabe 2012; Yabe, Isoda and Miyamoto 2011). The proposed monitoring system represents a monitoring system, to be applied mainly to short and medium span bridges, making use of a fixed-route bus operated as part of a public transit system. The aim of the proposed system is to detect the transition from the "acceleration stage," in which the safety performance of a bridge sharply declines because of aging, to the "deterioration stage" (see Fig. 1 ). This paper presents the result of a three-year field test of the bus monitoring system conducted by using an in-service fixed-route bus in Ube City. For the bus monitoring system, "characteristic deflection" was defined as an indicator that may be useful in efficiently detecting a structural anomaly of a bridge. For the purpose of examining the sensitivity of characteristic deflection, the effect of artificial damage (bridge guardrail removal) on characteristic deflection was evaluated by using an aged (out-of-service) bridge being removed. Another field test was conducted jointly with the Universidade Nova de Lisboa (New University of Lisbon) in Portugal as an overseas application of the bus monitoring system. By analyzing the field test results thus obtained, possible steps in realizing practical application of the bus monitoring system were considered systematically.
Principles and Overview of the Bus Monitoring System
The bus monitoring system has been developed by the method of monitoring short and medium span bridges by using fixed-route buses operated as part of public transport systems. Fig. 2 illustrates the bus monitoring system, and Fig. 3 shows the analysis flow of the monitoring method. Main reasons why the use of fixed-route buses, which are large and heavy vehicles, was considered are as follows: 1) If a large vehicle about 10 m in length is used for on-the-move measurement on a short or medium span bridge, that vehicle is likely to be the only vehicle passing over the bridge at point in time. 2) In order to make a short or medium span bridge, whose stiffness is relatively high, it is necessary to use a reasonably heavyweight vehicle. 3) Large vehicles used to vibrate bridges make it easier to reproduce measuring conditions such as travel time, route, frequency of passages and vehicle speed. 4) By using a fixed-route bus equipped with acceleration sensors, main short and medium span bridges in the area of interest can be monitored on a regular basis. By so doing, monitoring cost would be substantially less than in the case where sensors were installed at all bridges. 5) Power for the measuring devices can be supplied from the power supply available in the bus.
The vertical displacement, δ a (t) of the bridge and the bus under its rear wheel springs is an estimated deflection obtainable by integrating the vertical acceleration waveform twice. That displacement can be expressed, as the sum of (1) the static displacement, δ sa (t) dependent on bridge stiffness and bus weight, (2) a non-steady-state vibration component having a stochastic nature characterized as a Gaussian process attributable to a rough road surface and having a mean value of 0, (3) vibration components governed by the equation of motion such as the bridge and the vehicle, and (4) external disturbance factors, δ x (t) due to differences in the operating conditions of the bus and differences in data extraction and processing methods, as follows:
where, S r (Ω, t): density function of road roughness, Ω: spatial frequency of road surface, X(f): Fourier coefficient.
For the purposes of this study, characteristic deflection μ a (Yabe 2006 ) is defined as the estimated deflection obtained from Eq. (1) averaged in the bridge section of the road. Studies have shown that characteristic deflection can be made to converge to the extent that anomaly evaluation results are not affected by increasing the number of samples, N, by using the central limit theorem, in order to allow for the influence of various external disturbance factors, δ x (t), including the operating conditions of the bus. In this study, the authors used the moving average method to process characteristic deflection data and see what happens. In the moving average method, averages are calculated for incrementally shifted data sections. Fig. 4 incrementally shifted data sections. As shown in Fig. 4 , as data sections become larger, standard deviations tend to decrease. It can also be seen that after data section size exceeds a certain limit, standard deviations do not change significantly thereafter. This indicates that by the moving average method mentioned above, the variability of characteristic deflection values decreased and converged so that anomalies can be detected by observing such changes.
3. Long-term Monitoring of Short and Medium Span Bridges along Bus Routes in Ube City
Field test
As a long-term application of the bus monitoring method of measurement, a field test utilizing Ube City's bus routes has been underway. The long-term experiment, which uses fixed-route buses being operated in the city, has been continued for about three years since December 2010 and is supposed to be continued in the years to come. Fig. 5 shows the fixed-route bus used in the experiment and the under-rear-wheel-spring acceleration sensors installed to the bus. The acceleration sensors were bonded to the under-rear-wheel-spring section of the bus and was coated with epoxy resin for protection over a long period of time. The sensors used consisted of a triaxial acceleration sensor and uniaxial acceleration sensors (backups). These sensors were oriented along the direction of travel of the bus (X-axis), the transverse direction (Y-axis) and the vertical direction (Z-axis). The acceleration sensor cables were passed through the floor drain of the bus. Thus, the acceleration sensors are connected to the data logger and the computer in the bus so that the vibration of the bus crossing the bridge can be monitored in real time. Although the acceleration sensors, the data logger and the computer are designed to be powered by the power source of the bus, in the experiment a portable rechargeable battery was used. Table 1 lists main bridges of interest located on the bus routes and summarizes data on those bridges.
As an example of measurement data, this paper shows the measurements results obtained from the Shingondai Bridge (see Fig. 6 ), one of the bridges (prestressed concrete(PC) girder bridge) managed by Ube City on the bus routes.
Characteristic deflection calculation method
This section describes how to calculate characteristic deflection, an indicator of bridge performance used by the bus monitoring system. A flow diagram for the calculation of characteristic deflection following measurement data acquisition is shown in Fig. 7 , and each step is described in detail below. The steps (1) through (5) shown below correspond to the numbers shown in Fig. 7 . 
1) Extract data on vertical acceleration during bridge crossing
Extract data on vertical acceleration during the crossing of the bridge from the acceleration measurement data by referring to the combination of the time at which the bus crossed the bridge and GPS data.
2) Estimate the time when the bus passed midspan points
The extracted data on acceleration during the crossing of the bridge include data on strong vibrations recorded at bridge joints. It is therefore necessary to use girder midspan acceleration data that do not include such joint vibration data. The time when the midspan point of a girder is passed can be estimated by extracting data for between-joint data meeting certain criteria such as time intervals(sec) and the number of waves. Since, however, acceleration data vary considerably in magnitude depending on such factors as the operating conditions of the bus, it may be difficult to identify joint-zone data. In order to accurately estimate the time when the midspan point of a girder is passed, attention was paid to deflection estimates that can be obtained by integrating vertical acceleration data twice. As an example, Fig. 8 shows measured acceleration waveforms and estimated deflection values obtained by integrating bridge-crossing acceleration data twice. As shown in Fig. 8 , distinctively characteristic waveforms appear when the bus passes joints. Hence, on the basis of characteristic waveforms appearing on estimated deflection diagrams when the bus passes the joints of the bridge of interest, girder midspan waveforms are estimated and determined by synchronizing different data sets.
3) Extract midspan vertical acceleration data
Extract the midspan vertical acceleration data determined as described in
Step (2) . Fig. 9 shows examples of joint and midspan portions of vertical acceleration data. In the example shown in Fig. 9 , a portion of midspan region data corresponding to about 0.8 sec (about 10 waves) was identified as data to be extracted. The most important thing in calculating characteristics deflection is to determine the range of data to be extracted according to such criteria as the number of waves and time(sec) and extract acceleration waveforms from the same regions every time.
4) Integrate extracted acceleration data twice
Extracted acceleration data are converted to velocity by the first integration and to displacement by the second integration. At this step, the vertical displacement obtained by integrating vertical acceleration twice is taken as an estimated deflection.
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5) Average estimated deflection
Calculated characteristic deflection by averaging the deflection estimates shown in the graph obtained at
Step (4) in the direction of time (Fig. 10 ).
Experiment results
First of all, let us consider whether or not it is possible, in the event of a structural anomaly of the bridge of interest, to detect the anomaly from the under-rear-wheel-spring acceleration response of the bus. In a previous study, vibration analysis using FSWT (Frequency Slice Wavelet Transform), a time-frequency analysis method, was conducted to analyze acceleration response (Yan, Miyamoto and Jiang 2009 ). The FSWT analysis of the girder-midspan and under-rear-wheel-spring acceleration responses conducted in this study indicated that the under-rear-wheel-spring region of the bus was always vibrating at around 12 Hz, regardless of whether or not the bus was crossing the bridge. On the other hand, with respect to the acceleration response of the bridge, it has been confirmed that the girder-midspan region of the bridge was actually vibrating at around 12 Hz ). Fig. 11 shows the acceleration responses of the under-rear-wheel-spring region of the bus and the girder midspan region of the bridge observed when the bus passed the girder midspan section of the bridge. It can be seen that in terms In this connection, it has been found that characteristic deflection increases to 193% in the event of deterioration that causes the introduced prestressing force to decrease by 50% and to 286% in the event of deterioration that causes the introduced prestressing force to decrease by 90% (NILIM 2010). It was therefore decided to calculate the average of the characteristic deflection values obtained from the first 15 measurements and use the characteristic deflection value equal to 1.93 times the average value as the threshold level for Phase 1 deterioration (red line) and the characteristic deflection value equal to 2.86 times the average value as the threshold level for Phase 2 deterioration (green line). The actual procedure is to measure characteristic deflection on a continual basis and, if the threshold level is reached or exceeded, suspect the occurrence of some kind of serious damage to the bridge of interest and conduct visual inspection immediately. Inspection needs to be conducted when characteristic deflection has reached or exceeded the threshold level on the initial or return trip. Characteristic deflections in "Data Section 15" obtained by the moving average method are shown in Fig. 12 , where a single characteristic deflection point represents the average of 15 measurement results. Comparison of Fig. 12(a) and (b) reveals that characteristic deflection values differ between the initial trip and the return trip. This is thought to be because the Shingondai Bridge is not symmetrical as shown in Fig. 6 . Long-term changes in characteristic deflection showed little change although Fig. 12(a) shows slight changes. In contrast, Fig. 12(b) shows that the lowest value of characteristic deflection decreased gradually. Nevertheless, in both cases, the serious deterioration threshold was not reached or exceeded. It can therefore be concluded that serious damage has not yet occurred on the initial trip route or on the return trip route.
Effect of artificial damage on characteristic deflection
This section reports on the result of a study on the influence of artificial damage (bridge guardrail removal) conducted, by using an aged (out-of-service) bridge being removed, to investigate the sensitivity of the bus monitoring system to characteristic deflection.
In the experiment conducted for the purpose mentioned above, acceleration sensors were installed to a sightseeing bus weighing about 15 tons as shown in Fig.  13 by using a bridge being removed for the construction of a new bridge. The bridge is a 168.29-meter-long, eight-span reinforced concrete(RC) cantilever T-girder bridge as shown in Fig. 14. In consideration of such factors as seasonal changes and the presence or absence of bridge railings, the measurement was conducted four times, namely, in September, 2012, and January, February and March, 2013. Fig. 15 shows how the bridge looks before and after guardrail removal. Fig. 16 shows the average values of 15 sets of characteristic deflection measurements calculated from the total of 4 sets of measurements. As can be seen from Fig. 16 , the concrete guardrails were removed between the second measurement and the third measurement. The characteristic deflection values before and after the guardrail removal, therefore, were compared. The amount of change in the flexural stiffness of the bridge structure due to the guardrail removal was a decrease of about 5%. Examination of Span 3 (see Fig. 14) reveals that the two measured values of characteristic deflection after the guardrail removal (−2.97, −2.89) were about 10% smaller than the values of characteristic deflection after the guardrail removal (−2.67, −2.61). This is thought to be because the decrease in the flexural stiffness of the bridge structure influenced characteristic deflection. However, examination of Span 2, which includes the cantilever structure, reveals that the measured value of characteristic deflection obtained from the fourth measurement (−2.24) is slightly greater than the characteristic deflection before the guardrail removal. The reason for this is thought to be that since Span 2 includes the cantilever structure, it had some kind of influence on characteristic deflection. It is necessary, therefore, to continue various studies, including simulation analyses, on how to deal with spans that include cantilever structures.
Overview of Overseas Field Test
This section reports on the field test conducted in the city of Lisbon in Portugal as an overseas application of the bus monitoring system.
As part of a joint study made by Yamaguchi University and the Universidade Nova de Lisboa (NOVA), the field test was conducted with the cooperation of a group led by Prof. Válter J. G. Lúcio of NOVA. Fig. 17 shows the fixed-route bus used in the experiment. The bus used in the field test is a fixed-route bus actually operating in Lisbon. The total weight is about 14 tons, and an under-rear-wheel-spring triaxial acceleration sensor was installed to the bus. Two bridges located near the university were chosen for the experiment. In this paper, the two bridges are referred to as "FCT-in" and "FCT-out." Table 2 and Fig. 18 sensor actually used in the field test is shown in Fig. 19 . At each bridge, measurement was conducted 15 times at a travel speed of 40 km/h. Fig. 20(a) and (b) compare the under-rear-wheel-spring acceleration of the bus and the girder midspan acceleration of the bridge measured when the bus crossed the two bridges. The under-rear-wheel-spring acceleration response of the bus here is the vertical acceleration data obtained from a triaxial acceleration sensor, and the center-of-bridge acceleration response of the bridge was obtained by converting the velocity data obtained from a velocity sensor by differentiating it once. At FCT-in, which is a continuous slab girder bridge as shown in Fig. 18(a) , the under-rear-wheel-spring acceleration response of the bus and the middle section acceleration response of the bridge are fairly similar as shown in Fig. 20(a) . At FCT-out, which is a cantilever bridge as shown in Fig. 18(b) , the under-rear-wheel -spring acceleration response and the bridge acceleration response were fairly similar when the bus was passing the center-of-cantilevered-span zone at the left as shown in Fig. 20(b) . When the bus was passing the center-of-bridge joint zone, however, the bridge showed a larger acceleration response to the extent that similarity with the under-rear-wheel-spring acceleration of the bus was no longer discernible. This is thought to be because the bus practically climbed over the central joint (i.e. cantilever joint) so that the vibration caused by the weight of the bus had a great influence on the bridge. Thus, it was found that the bus monitoring system can be applied to a continuous girder or simple girder bridge but cannot be applied to a cantilever bridge with a midspan joint like FCT-out.
This section shows characteristic deflection calculation results for FCT-in, which was thought to be a bridge of the type to which the bus monitoring system can be applied. As the first step, to determine the characteristic deflection of FCT-in, data for a period of about 1.8 seconds corresponding to the time the bus took to pass the middle section of the slab girder bridge (the encircled area in Fig. 20(a) ) were extracted, and deflection was calculated by integrating acceleration twice. Fig. 21 shows examples of deflection estimates thus obtained. Showing estimated deflection on the vertical axis and time on the horizontal axis, Fig. 21 shows estimated deflection values obtained from the 15 measurements. As shown in Fig. 21 , data were extracted from the same section, and the obtained waveforms show similarity. Characteristic deflection is calculated by averaging estimated deflection values in this extraction section. Table 3 lists the characteristic deflection values obtained from the 15 measurements. Thus, the average of the results of the 15 measurements that make characteristic deflection converge to a median is −4.10 mm (standard deviation: 0.63). It is important to continue to conduct more measurements by using this average as a criterion value and monitor changes in characteristic deflection over a long period of time. As mentioned above, the field test results that have been obtained indicate that the proposed system can be applied to a continuous or simple girder bridge but cannot be applied to a cantilever bridge with a midspan joint like FCT-out. It is therefore necessary to conduct more field tests on other types of bridges. In view of the result of the test conducted in a country other than Japan, it has also been found that the proposed system can be used in other countries where conditions such as the instrumentation environment and vehicles used for measurement differ from those in Japan. The next task is to apply the proposed system to more bridges in other countries, conducting not only short-term but also long-term behavior measurements. 
Conclusions
This paper has reported on the development of a new short and long span bridge monitoring method using a fixed-route bus, presented field test results and discussed evaluation methods. Then, as a result of this study, this paper has shown that it may be possible to detect structural anomalies of bridges efficiently from changes in "characteristic deflection." On the other hand, it has also been found that characteristic deflection values calculated from measurement data varied widely. This is thought to be due to differences in the operating conditions of the bus.
As the next step, it is necessary to conduct more measurements and investigate the effects of long-term operating conditions on results obtained, with the aim of improving characteristic deflection so as to reduce its variability and putting the proposed system to practical use as a long-term monitoring system.
The findings of this study are summarized below:
1) The development of a new short and medium span bridge monitoring system utilizing a publicly operated fixed-route bus and field test results have been reported, and evaluation methods have been discussed. As a result, it has been shown that it may be possible to detect structural anomalies of bridges through long-term measurement of characteristic deflection. It has also been found, however, that characteristic deflection values calculated from measurement data varied considerably. This is thought to be attributable to differences in the operating conditions of the bus. Changes in characteristic deflection have been observed for about three years through field testing. Since no sharp declining trend has been observed, it is necessary to continue long-term measurement.
2) In the field test carried out by using an aged (out-of-service) bridge being removed, a study was conducted on the influence (sensitivity) of artificial damage (bridge railing removal) on characteristic deflection. The experimental results for Span 3 of the bridge indicate that characteristic deflection is reasonably sensitive to declines in the flexural stiffness of the bridge structure. Since the characteristic deflection results for Span 2 show a considerable degree of variability, various studies including simulation analyses need to be conducted.
3) The field test of the bus monitoring system in an overseas environment showed that the system can be used without being affected by the measuring environment and the vehicle used. It has also been found, however, that it may be difficult to apply the system to certain types of bridges such as cantilever bridges. 
